The specificity of antibodies for different antigens appears to result from differences in the amino acid sequences of both the heavy and the light polypeptide chains of which antibody molecules are composed. -4 Although specific antibodies are too heterogeneous for complete amino acid sequence analysis, homogeneous iminunoglobulins may be obtained for this purpose from various plasma cell tumors. Bence-Jones proteins have been shown to be light polypeptide chains5' 6 and data have accumulated on the amino acid sequences of various samples of both humanl-9 and murine origin. (the amino terminus) to residues 106-107, different Bence-Jones proteins have similar but not identical sequences. A number of positions in the sequence (at least 20 in the human proteins) show substitutions of one amino acid for another (Fig. 1) . The majority of the substitutions from protein to protein can be accounted for by single base changes in codons corresponding to the amino acids which have been interchanged.
In contrast to the diversity found in the amino terminal half of Bence-Jones proteins, the carboxyl terminal half (residues 107 (108)-212 (214)) has a constant amino acid sequence except for one position (Fig. 1 ). This exception is related to an allotypic difference3 14 and is represented by a substitution of valine for leucine at position 189 (191) .
Although not as much information is available oIi the sequence of heavy chains, 353 recent studies15 16 suggest that they also consist of a variable portion nearer the amino terminus and a constant portion nearer the carboxyl terminus. The proposal of an antibody model" in which amino acid variation in both heavy and light chains is related to differences in specificity and invariance of sequence is related to interchain bonding and other functions is supported by various lines of experimental evidence.1-4 An hypothesis to account for the origin of diversity in the amino acid sequences of different antibodies should explain the following facts:
(1) The multiplicity of amino acid replacements in the variable half (V) and the relative invariance of sequence in the constant half (C).
(2) The presence of a majority of amino acid interchanges consistent with single base replacements in the genetic code.
(3) The similarity in lengths of the V and C regions (in the case of the light chains).
(4) The occurrence of invariant segments within the V region as well as the finding that certain positions show interchanges among only a few amino acids (e.g., N-terminal glu or asp in K chains).
(5) The failure to observe a high recombination frequency among allotypes.'3 (6) The fact that a particular plasma cell tumor can produce a single welldefined protein, the sequence of which does not change from generation to generation. This may be correlated with the finding that the majority of single plasma cells from animals immunized with two unrelated antigens produce antibodies either against one or the other antigen.'81' Several hypotheses have been advanced to account for some or all of these facts. They may be divided into two general categories: multiple gene hypotheses and somatic variation hypotheses. Multiple gene hypotheses20-22 propose that each variable region of an antibody molecule is coded for by a different gene in the germ line. Hypotheses of this type face difficulties in explaining how a very large number of similar genes could have evolved or be maintained by natural selection.
Somatic variation hypotheses invoke variation of replication in somatic cells (inverted crossing-over 23 breaks in DNA strands with mistakes in repair24), or propose the occurrence of variable translation of the same gene via differences in transfer RNA's or activating enzymes.25 These hypotheses either encounter difficulties in explaining the presence of multiple amino acid substitutions in well-defined positions or require special mechanisms for control of the synthesis of so many different proteins.
The purpose of the present communication is to suggest an hypothesis to account for the diversity of antibodies and at the same time meet the requirement for strict control and selection (Fig. 2) . It is assumed that a number of genes arose in evolution by tandem duplication. The precursor of these genes may have had a length sufficient to specify a region of the same length as the C portion of a light chain. 15' 22 As will be shown below, the number of tandem duplicated genes need not be great; perhaps 50 would suffice. Point mutations are assumed to have accumulated in the duplicated genes so that each differs in at least one codon from the others. It is proposed that these genes recombine at some stage of maturation of the lymphocyte by means of somatic crossing-over. Crossing-over would be favored by the homology of these genes as well as by the fact that they are present in tandem du-plicated arrays. Such a system might contain instabilities of the sort required to account for the observed amino acid sequences among the immunoglobulins. Because of the close homology of the tandem genes and their similarity or equality in lengths, mispairing between two DNA strands might occur frequently so that nonidentical genes lie side by side. Mispairing could occur either between sister strands or those of homologous chromosomes. Crossing-over at any point along these genes would be expected to generate genes with new sequences of codons. This hypothesis does not require that crossing-over occur within two paired but unlike codons; this type of crossing-over would result only rarely in the appearance of a new point mutation. As shown in Figure 2 two new amino acid sequences. Nevertheless, each product would appear to have been generated strictly by point mutation.
This model differs from that of Smithies23 in that the crossing-over is between tandem duplicated genes and does not invoke inverted duplications. Instead, the multiple amino acid replacements are accounted for on the basis of somatic recombination of a relatively small number of genes that have arisen by mutation and natural selection. This is consistent with the observation that pairs of amino acid interchanges can be accounted for by single base changes in corresponding codons. It is also consistent with the observation that many of the positions within the V region appear to be invariable, and accords with the presence of positions in which only a few interchanges of the many possible are observed (e.g., in position 1 of human K chains only glutamic or aspartic acid has been found).
The present hypothesis does not violate the idea that one gene codes for one distinct polypeptide chain. At the same time, the selective requirements for size and polarity of the variable and constant regions may be achieved via evolutionary pathways. Mutations 57, 1967 interact to form a degenerate set of combining sites, each of which would combine more or less specifically with a given antigenic determinant. Thus, the heterogeneity of antibodies is considered to be an essential requirement for interaction with a set of antigenic determinants to which the organism may never have been exposed either in evolution or in the lifetime of an individual.
The presence of duplicate genes would increase the probability of random point mutations in this genetic system. As indicated above, those mutations resulting in significant changes in the combining sites of antibodies would be selected for, for they would increase the repertoire of different antibodies the organism can make. Mutations which would not significantly increase this capability would be selected against, because they would decrease the homology between the tandem genes, and lower the probability of crossing-over. The system contains an element of genetic conservatism, which might explain why many positions in the sequence of the variable genes are constant, as well as why different species, such as man and mouse, have similar genes for immunoglobulins.'0' 11 20 25 If a cell contained two genes coding for the amino acid sequence of the light polypeptide chains, and if these genes differed in at least 20 different positions, unlimited somatic crossing-over between these genes could give rise to 220 new genes within the cells of the organism. If a similar source of variability existed for the heavy chains, then somatic crossing-over and subsequent interaction of light and heavy chains'7 could give rise to more than 1012 different immunoglobulins from only four original genes, without postulating the occurrence of any somatic point mutations. 27 Crossing-over among such a small number of genes is a very improbable mechanism for generating the observed variability, inasmuch as genes only very rarely pair with nonidentical partners. Such mispairing is required if the crossing-over is to result in a new nucleotide sequence. In the case of tandem duplication of similar genes, however, the frequency of occurrence of mispairing of nonidentical genes would be expected to be positively correlated with the number of similar genes that are tandemly linked. For this reason, crossing-over between mispaired, nonidentical genes might be far more frequent in a system containing a number of tandem duplications than in one without duplicate genes. Indeed, a cumulative effect might be operative, as the occurrence of one nonhomologous crossing-over might make the mispairing of all the genes in the system more probable. Because no genetic system containing more than just a few tandem duplications has been investigated, we do not know the number of duplications that would be required to explain the variability in the amino acid sequences of the immunoglobulins. A system of 20 Thomas ." On the other hand, if each of the tandem duplicated genes specifies both V and C regions, then the C region would be repeated many times and might be expected to show evidence of high recombination frequencies as well as instability. In this case, additional restrictions on recombination in the germ line would have to be invoked.
Although at present there is no direct evidence for somatic recombination of immunoglobulin genes, there have been several observations of crossing-over patterns in chromosomes of lymphocytes in tissue culture.29 3 The relationship of these events to immunoglobulin diversity remains to be clarified. The somatic recombination hypothesis" leads to several predictions. Bence-Jones proteins should be found to contain combinations of amino acid interchanges that are found singly in other Bence-Jones proteins. The number of sequences examined is still too small to test this prediction. The hypothesis also suggests that there are strict requirements for complementation of genes in the constant regions of both heavy and light chains. Perturbations in the constant regions introduced by chemical modification of amino acid side chains might have dire effects on interchain bonding, physiological activities of antibodies, and the matching of the variable regions of both chains to form a combining site. On the other hand, modifications introduced in many parts of the variable regions should have little or no effect on the over-all structure of the antibody molecule or its physiological function. Finally, according to the somatic recombination hypothesis, a single immunologically competent cell could be at best only pluripotent with respect to antibody production at any one time in its development. It could never be totipotent, i.e., it could produce at most only a small number of different immunoglobulins of a given class. At the same time, however, precursor cells would contain all of the information necessary to generate all antibodies of a given class capable of being made by the organism.
